ABSTRACT ,-Endorphin in nanomole quantities produced a stimulation of locomotor activity when infused into the region of the dopamine cell bodies of the ventral tegmental area (VTA) in rats. a-, -y-, and des-Tyr-y-endorphin produced similar effects, but the D-alanine analogues of a-and y-endorphin produced a larger and longer-lasting activation, presumably reflecting their resistance to degradation. This locomotor activation was reversible by pretreatment with naloxone and b destruction of the terminal projections of the mesocorticolimzic dopamine system originating in the VTA. These results demonstrate that locally infused endorphin can interact with the opioid receptors in the VTA, and they suggest a means by which endorphins activate limbic excitability. The identification and localization within the central nervous system of endogenous peptides with opiate-like actions suggested that these substances may act as central neurotransmitters (1, 2). Both [Metlenkephalin [/3-lipotropin-(61-65)] and f3-endorphin (3-END) [/3-lipotropin-(61-91)] exhibit opiate-like activity when injected into the ventricles (3, 4). These effects have included analgesia, catatonia, loss of corneal and tail pinch reflexes, and wet-dog shakes (3), and :3-END appeared to be more potent than [Met]enkephalin (5-7). In addition, most of these effects are reversible by naloxone. These preliminary results suggested to some that-the endorphins could be an etiological factor in mental illness (3, 8) , but the nature and specification of this action remains to be determined.
locally infused endorphin can interact with the opioid receptors in the VTA, and they suggest a means by which endorphins activate limbic excitability. The identification and localization within the central nervous system of endogenous peptides with opiate-like actions suggested that these substances may act as central neurotransmitters (1, 2) . Both [Metlenkephalin [/3-lipotropin-(61-65)] and f3-endorphin [/3-lipotropin-(61-91)] exhibit opiate-like activity when injected into the ventricles (3, 4) . These effects have included analgesia, catatonia, loss of corneal and tail pinch reflexes, and wet-dog shakes (3), and :3-END appeared to be more potent than [Met] enkephalin (5) (6) (7) . In addition, most of these effects are reversible by naloxone. These preliminary results suggested to some that-the endorphins could be an etiological factor in mental illness (3, 8) , but the nature and specification of this action remains to be determined.
Opiate receptors and enkephalin-like peptides have been found in the region of the ventral tegmental area (VTA) (9) , and in at least some accounts receptors appear to be localized on mesolimbic dopamine neurons (9, 10) . These mesolimbic dopamine neurons are thought to be involved in the locomotor stimulation produced by psychomotor stimulants (11, 12) but also may have a role in general activation and the actual organization of behavior (13, 14) . In fact, some authors have suggested that the activation of the mesolimbic dopamine system may be an important model of schizophrenia (15) . This intriguing similarity of the putative function for the mesolimbic dopamine system and the endogenous opiate systems requires further analysis of their interaction at the behavioral level, and our initial studies have concentrated on the activation of the mesolimbic dopamine system as measured by simple locomotor activity.
Recent work has demonstrated that morphine and [D-Ala2, Met]enkephalin when injected into the VTA can produce significant increases in locomotor activity that may reflect an activation of these mesolimbic dopamine neurons (16, 17) . The purpose of the present study was to determine whether 1-END also interacts with the opiate receptors in the VTA to produce
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 (8.9 mm from the skull), and bilateral infusion of 1 jl of solution was performed over 105 sec by using a microdrive pump. Doses are expressed in nmol and reflect the total amount injected on both sides of the VTA. The cannulae were left in place for 1 min after injection to allow for diffusion. Before testing, all rats were given a preliminary saline infusion in order to habituate them to the procedure and also to minimize mechanical effects during experimental infusions. Naloxone dissolved in saline was injected subcutaneously (0.5 ml of solution).
Behavioral Measures. Quantitative analysis of horizontal locomotor activity was recorded in two types of photocell cages. Activity was measured in circular corridors, 12 cm wide and 170 cm long, in which four beams of infrared lights traversed the corridor 3 cm above the floor. Interruption of these infrared beams registered counts on an automatic recorder outside the testing room. In the 13-END/naloxone study, locomotor activity was measured in wire mesh cages, 25 X 36 X 20 cm, equipped with two infrared photocells, whose interruption registered counts on counters outside the testing room. Before any activity measures, rats were habituated to the testing box for 24 the test day they were habituated for 1 hr before infusion, infused with peptide, and returned to the apparatus for 1-3 hr depending on the experiment. Statistical Analysis. Locomotor activity counts were subjected to parametric statistical analysis using the repeated measured analysis of variance with the least squares computation for unequal numbers (18) . For these analyses, each separate injection was considered an independent observation and the repeated observations over time during that injection were considered the repeated measure. Individual comparisons were made by using Student's t test.
RESULTS
Locomotor Activation Produced by Endorphins. Bilateral infusion of 1-id solutions into VTA containing a total of 2.0, 5.0 or 10.0 gg of fl-END (0.6, 1.5, and 2.9 nmol, respectively) induced a long-lasting increase in locomotor activity (Fig. 1) , which persisted for 120-180 min (group effect, F = 3.65, df = 3, 18; P < 0.05; group X time interaction, F = 2.73, df = 5, 15; P < 0.01). At the high doses of f-END (2.9 nmol) the initial behavioral activation was associated with an initial period of head-down sniffing (and immobility) which lasted 60 min and was followed by a second phase, in which increased locomotor activity predominated. This initial increase in stereotyped behavior yields the inverse relationship between dose and locomotor activation seen in Fig. 1, particularly activation appears to be produced by a dose between 0.30 and 1.50 nmol (see Fig. 4 ). In addition, repeated infusions of f-END (0.6 nmol) into the VTA at intervals of 48 hr or more showed that f-END-treated rats have a stable response from test to test (Fig. 2) , with no obvious development of tolerance.
Although all the opiate peptides induced some activation, they were not equally potent in inducing locomotor stimulation (Fig. 3, Table 1 ). The largest increase was the f-END at the lower dose. y-END and des-Tyrl-,y-END did increase locomotion, but these effects were minimal and mainly localized to the first 30 min (Fig. 3) . [D-Ala2J-a-END and [D-Ala2]-y-END, slowly metabolized analogues of a-and y-END, produced significant increases in locomotor activity during the first 30 min, and the behavioral activation was as long-lasting (120 min) as with f-END (Table 1) .
Naloxone Antagonism of Endorphin Effects. The locomotor activation induced by infusion of 0.06 nmol of f-END into the VTA was significantly blocked by subcutaneous pretreatment with naloxone at 1 mg/kg (F = 12.57, df = 1, 14; P < 0.01) (see Fig. 4 ). Naloxone only partially antagonized the effects of 0.30 nmol of f-END (F = 4.58, df = 1, 14; P < 0.05) and had no effect on the locomotor stimulation produced by 1.5 nmol (F < 1.0). This shift in the dose-response relationship with naloxone pretreatment was also evident after infusion of [D-Ala2]a-END. The behavioral activation induced by infusion of 0.6 nmol of [D-Ala2]-a-END into the VTA was completely blocked by simultaneous subcutaneous injection of naloxone at 1 mg/kg (F = 5.27, df = 1, 9; P < 0.05) (see Fig. 5 ). Naloxone at a dose of 1 mg/kg also partially antagonized the effects of Role of Mesocorticolimbic Dopamine Neurons. The destruction of the dopamine terminals by injection of 6-hydroxydopamine into the nucleus accumbens completely blocked the locomotor stimulation induced by VTA infusion of 0.6 nmol of f-END (Table 2 ) (F = 13.9, df = 1, 13; P < 0.01), whereas the locomotor response to VTA saline was identical for shamoperated rats and rats with nucleus accumbens lesions. In this experiment the lesion of dopamine neurons was verified by psychopharmacological tests (11) . As the lesion blocked the locomotor response to d-amphetamine (F = 32.8, df = 1, 13; P < 0.01) and induced a supersensitive response to apomorphine (F = 125.5, df = 1, 13; P < 0.01).
DISCUSSION
The present study demonstrates that 3-END and endorphin analogues produce a dose-dependent increase in locomotor activity when infused into the VTA. These increases in activity can be blocked by naloxone and thus appear to be a direct result of stimulating opiate receptors located there. The relationship with dose for /-END probably reflects the development of behavioral patterns that are incompatible with horizontal lo- What is clear, however, is that the activation' induced by these endorphin compounds depends upon an intact mesolimbic dopamine system, because destruction of the terminal projections of this system located in the area of the nucleus accumbens-and at some distance from the site of the peptide infusions-completely blocks these effects. How this interaction occurs at the neuronal level remains to be explored, but several hypotheses may be considered. Activation of the dopamine neurons may be mediated via presynaptic inhibition of an asyet-undetermined inhibitory system (22, 23 ). An alternative explanation may be an inhibition of dendritic release of dopamine onto some afferent input such as serotonin or y-aminobutyric acid.
The actual mechanism in the normal brain for this endorphin-dopamine interaction remains unclear because no endorphin fibers have been localized to the VTA with current methods (24) . Thus, endogenously released endorphin would have to act via the cerebrospinal fluid. Injection of /-END intraventricularly does produce an augmentation of locomotor activity (25) , but the doses necessary are considerably higher than those reported here. In fact, the present study demonstrates a probable site of action for the behavioral activation produced by intraventricular /-END.
Regardless of the ultimate cellular mechanism of this opiate-dopamine interaction, the importance of this interaction at the functional level cannot be discounted. The mesocorticolimbic dopamine neurons have been implicated in the psychopathology of schizophrenia (15, (26) (27) (28) , and recent results have shown that the opiate peptides may also have a role. This opiate-dopamine interaction at the level of the cell bodies of the mesocorticolimbic dopamine system may offer important clues for our understanding of the complex pathology of these and similar mental diseases.
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